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ABSTRACT 

-Non-oxide  inorganic  compounds  such  as  sulfides,  phosphides,  and  mixed-anion  suifide- 
nhospmdes  are  of  interest  as  possible  infrared  window  materials.  Our  research  on  the  solid  state 
cnemistry  and  stnicrure-propeny  relationships  of  these  materials  includes  the  directed  synthesis 
of  new  compounds  as  well  as  me  study  of  compounds  that  have  been  reported  in  the  literature 
but  which  have  been  incompletely  characterized  for  this  application. 

The  present  work  includes  investigations  of  three  ternary  sulfide  systems:  ZnGaiSa. 
Aln;Sa,  (A  =  Ca.Sr.Ba),  and  C4Y2S4.  Samples  were  prepared  in  poiycrystailine  form  ana/or 
as  crystals.  New  compounds  were  obtained  in  our  studies  of  the  CalnoSa.  SrlnrSa,  and 
CaY^Sa  systems.  Compounds  were  characterized  by  X-ray  diffraction,  elemental  analysis. 
FTIR.  and  ihermogravimetnc  analysis. 


INTRODUCTION 

Compounds  that  are  candidates  for  use  as  long-wavelength  (8-12  pm)  infrared-transmitting 
window  materials  must  have  a  certain  set  of  chemical  and  physical  propemes  11-6].  The  low 
funcamental  vibrational  freauencies  that  result  in  the  desired  optical  transparency  are  favored  by 
weak  chemical  bonds  (high  coordination  numbers)  and  heavy  consnment  atoms.  This  require¬ 
ment  eliminates  all  oxides  and  other  strong  ceramic  materials  such  as  BN  and  SirNa,  whose 
strong  chemical  bonds  among  relatively  light  atoms  cause  fundamental  absorptions  in  the  long- 
waveiength  infrared  region.  However,  these  strong  chemical  bonds  also  result  in  desirable 
properties  such  as  chemical  inertness,  high  mechanical  strength,  and  low  thermal  expansion. 
Therefore,  in  the  search  lor  new  materials  for  long-wavelength  windows,  an  inherent  trade-off 
situation  exists:  the  chemical  characteristics  that  will  tend  to  give  the  best  structural-ceramic 
properties  will  always  tend  to  degrade  the  optical  propemes  since  the  stronger  the  chemical 
bonding,  the  higher  the  vibrational  frequencies.  Our  compromise  approach  in  seeking  and 
designing  new  compounds  has  been  to  achieve  long-wavelength  IR  transparency  by  the  use  ot 
highly  charged,  heavy  atoms  in  three-dimensional  crystal  structures  that  feature  intermediate 
cation  coordination  numbers  of  5-6.  Compounds  that  fulfill  this  structural-chemical  requirement 
are  predicted  to  retain  satisfactory  mechanical  propemes  and  chemical  inertness.  To  minimize 
absorption,  compounds  should  also  be  non-paramagnctic  insulators  or  large  banagap 
semiconductors. 

The  ternary  sulfide  ZnGatSa  was  first  reported  in  1955  by  Hahn,  ct  al  [7],  This  compound 
is  of  interest  in  second-phase  toughening  studies  of  ZnS  ( 8]  and  exhibits  long-wavelength 
infrared  transparency  comparable  to  that  of  ZnS  [9].  Colorless  ZnGarSa  crystals  with 
tetrahedral-like  morpnologv  arc  easily  obtained  by  iodine  transport  [10],  and  studies  of 
mechanical  and  electrical  propemes  have  been  reported  [  1 1 .12].  Hahn,  et  al  [7],  postulated  that 
the  structure  of  this  compound  was  that  of  an  ordered  defect  sphalerite,  the  ordering  of  the 
defects  and  the  two  different  canons  giving  nse  to  two  possible  structural  arrangements.  A  and 
B.  illustrated  in  Fig.  1.  These  two  arrangements  cannot  be  distinguished  by  X-ray  powder 
diffracuon.  Despite  the  ease  of  growing  crystals  of  ZnGajSa.  a  lull  single-crystal  structure 
determination  has  not.  to  our  knowledge,  been  reported.  To  confirm  the  predicted  structure  and 
determine  the  canon/defect  ordering  pattern,  a  complete  X-ray  crystal  structure  determination 
was  undertaken. 

The  first  report  of  CalniSa  was  in  1950  [13],  The  authors  claimed  that  X-ray  powder 
diffraction  data  indicated  a  normal  spinel  structure  (a  =  10.77  A)  for  this  compound.  This 
structure  is  chemicallv  unreasonable  for  Caln^Sa.  as  Ca2+  would  be  tetrahedrally  coordinated  by 


<uifur.  In  addition.  In;S3  has  a  spinel-like  structure.  It  is  likely,  therefore,  that  this  report  of 
CalnpSa  is  erroneous,  ana  that  the  reported  diffraction  data  correspond  to  In2S3.  A  compound 
■Mth  a  similar  ternary  formuia.  Cat  iln^Sn,  1 14a|  has  been  synthesized  as  yellow  whiskers  in 
.oaine  transport  reactions.  A  single-crystal  X-ray  diffraction  investigation  (14b]  found  a 
moncnnic  structure  with  indium  octahedrallv  coordinated  and  caicium  in  tn-cappcd  trigonal 
prismatic  coorainauon:  space  croup  C2/m.  a  =  37.63(1),  b  =  3. 835819),  c  =  13.713(3)  A,  (3  = 
'>1.65(1)°. 


:  ; 


Fig.  1.  ZnGatSa  Structure. 

SrlntSa  and  BalnpSa  were  first  reponed  in  1974  (15],  These  pink-colored  compounds 
were  preparea  from  the  dements  by  iodine  transport  and  found  to  be  isostructural  by  X-ray 
powder  diffraction.  The  powder  patterns  were  indexed  on  a  pseudo-orthorhombic  cell  (a  = 
10.548.  b  =  6.510.  c  =  10.439  A  for  SrlntSa  and  a  =  10.840.  b  =  6.556.  c  =  10.885  A  for 
Baln;Sa),  although  a  larger  orthorhombic  superlattice  was  suggested.  A  single-crystal  X-rav 
diffraction  study  of  BaimSa  [16]  found  the  barium  in  square  annpnsmaric  sites  and  the  indium 
in  tetranedral  sites.  An  orthorhombic  unit  cell  was  indicated  with  each  axis  doubled  relative  to 
the  first  report  (space  group  Fddd.  a  =  21.824(6),  b  =  21.670(6),  c  =  13.125(4)  A).  Our 
investigation  of  these  ternary  indium  sulfide  systems  was  undertaken  to  confirm  the  reponed 
structures  and  eijcidate  any  structural  interrelationships,  and  to  charactenze  their  properties 
pertinent  for  use  as  optical  materials. 

All  studies  to  date  on  the  ternary  yttrium  sulfide  CaY^Sa  have  been  on  poivcrystalline  sam¬ 
ples.  Tne  compouna  was  first  reponed  in  1961  by  Flahaut  1 17],  but  us  exact  crystal  structure  is 
still  unKnown.  All  models  that  have  been  proposed  are  denved  from  the  structure  of 
unCu^  lFe^Oa.  This  structure  features  double  runle-like  "  edge-snaring  chains  of  distorted 
FeO*  ociahcdra.  Different  double-chains  are  connected  by  vertex-linking  to  form  a  relatively 
open,  threc-dimensionai  framework.  Channels  in  the  framework  feature  numerous  different 
sues  with  a  variety  of  possible  coordination  numbers  for  the  larger  Ca  canon,  thus  allowing 
considerable  structural  variety.  The  earliest  X-ray  powder  difffacnon  studies  of  CaY2Sa  {17] 
indicated  a  large  orthorhombic  unit  cell,  given  in  Table  I.  column  A.  that  was  consistent  with  the 
Yb-.Sa  structure  and  there'ore  7-coordinate  Ca.  In  1967.  a  high-temperature  form  of  CaY2Sa 
[IS],  quenchable  from  1 100°C,  was  reponed  with  the  orthorhombic  cell  given  in  Table  1.  col¬ 
umn  B  Interesungiy,  the  unit  ceil  obtained  for  the  high-temperature  form  indicated  an  overall 
volume  decrease  resulting  from  contraction  of  two  of  the  cell  parameters.  This  form  was 
reponea  as  having  the  .\lnY2S4  structure,  in  which  all  cations  are  6-coordinate  and  0.5  mol  each 
of  Ca  and  Y  apparently  disorder  across  the  channel  and  framework  cation  sites.  In  1981.  a  third 
form  of  CaYrSa  was  reponed  as  having  a  monoclinic  unit  cell  [19],  given  in  Table  I,  column  C. 
Raman  and  infrared  spectroscopic  studies  of  CaY2S4  powder  [20]  indicated  an  onset  of  infrared 
transmission  loss  near  400  cm-l  (25  urn),  with  the  highest  fundamental  vibrational  frequency 
occurring  at  315  cm-l  131  urn).  Since  this  infrared  transparency  looked  very  promising  com¬ 
pared  to  the  presently  available  long-wavelength  material.  ZnS.  a  study  of  O1Y2S4  was  under¬ 
taken  to  further  determine  its  structure  and  properties. 
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Table  1.  Unit  Cells  that  Have  Been  Reported  forCaYjSa: 

A  -  orthorhombic  YbtSa  structure.  vnCav,Y;Sa  [18] 

B  -  hich-temDerature  ortnorhombic  .\lnY2S4  structure. 

vl(Ca  5Y.5)vUCa  5Y  ;)vlYSa  [18] 

C  -  monociinic.  structure  unknown  [19] 

ABC 


a  =12.98  A  a  =  1 2.90  A  a  =12.88  A 

b  =  13.11  A  b  =  i  3. 17  A  b  =  13.04  A 

c  =  ?.88  A  c  =  3.87  A  c  =  4.02  A 

(3  =  93.48° 


FA'PFRTMPVTAL  METHODS 
Sample  Characterization 

X-ray  powder  cuffracuon  data  were  obtained  with  a  Scintag  PAD  V  diffractometer  and/or  by 
Guncoifi  or  Debye-Scherrer  camera  methods.  Cell  parameters  were  calculated  from  powder 
diffractometer  data  using  a  least-squares  refinement  program.  For  single  crystals,  unit  ceils  and 
lattice  symmetries  were  obtained  with  a  Nicolet  R3  diffractometer.  Elemental  compositions 
were  estimated  by  electron  microscopy  using  me  SEM/EDX  method  (AMRAY  1400.  TRACOR 
TN2000  anaiyzeri.  Accurate  elemental  compositions  of  crystals  thought  to  be  new  compounds 
were  determined  by  1CP  emission  analysis  (1CAP/OES.  Perkin  Elmer  6500).  Oxidative  stability 
was  measured  by  thermogravimetnc  analysis  (TGA)  under  flowing  oxygen  (Du  Pont  1090). 
Infrared  spectra  were  obtained  in  diffuse  reflectance  and  transmission  modes  using  a  Nicolet  60 
SX  FTIR  spectrophotometer. 


Samrie  Preoaranon 

ZnGaiSa  crystals  were  readily  obtained  with  the  CVT  method  using  iodine  as  the  transport 
agent  [  10.12]  for  polycrvstaiiine  ZnGarSe.  which  had  been  previously  prepared  by  reacting  the 
binary  sulfides  at  900CC  in  vacuo.  The  temperature  gradient  was  50-75°C  (silica  ampule  1.0  cm 
I  D.  x  19  cm  long)  with  the  charge  end  at  960°C.  SEM/EDX  analysis  was  consistent  with  the 
expected  composition  and  the  X-rav  powder  cuffracnon  pattern  of  the  colorless  tetrahedral-like 
crystals  agreed  with  that  reported  (21)  for  tetragonal  ZnGa 2S4:  a  =  5.27.  c  =  10.4  A  [7], 

Crystals  of  CalnySa,  Cai  ;Ini  9S.1.  and  Sroyi-  \iSa  were  grown  in  similar  manners  from 
cutccuc  halide  fluxes.  CaS  and  In^Sy  were  pre-r:  .cted  in  a  graphite  crucible  in  an  evacuated 
silica  ampule  at  1 100°C  for  6  days  before  use  in  the  Ca-In-S  flux  growth  experiments.  Accord¬ 
ing  to  X-ray  powder  diffraction  the  yellow-brown  polycrystalline  product  contained  CaS, 
In2S},  and  a  phase  later  identified  as  CainnSa  The  binary  sulfide  powders  were  used  as  the 
charge  in  the  crystal  growth  of  Srpyln^  iSa.  Mixtures  of  charge  and  flux  iCaci2/KQ  75:25 
mol7c  for  Ca-In-S  systems;  SrCl^KC!  45:55  mol7c  for  the  Sr-In-S  system)  were  reacted  in 
graphite  crucibles  in  evacuated  silica  ampules.  The  reaction  mixtures  were  heated  to  1 100 °C, 
held  for  3  days,  cooled  at  1  0-1.5°G/h  to  500°C.  and  then  cooled  to  room  temperature  in  1  day. 
The  crystals  were  removed  from  the  flux  by  soaking  with  disulled  water.  Yields  of  approxi¬ 
mately  15%  for  the  calcium  compounds  ana  27c  for  the  strontium  compound  were  obtained. 
The  crystals  were  present  as  mats  of  whiskers  distributed  throughout  the  flux.  Many  of  the 
w  hisker-iike  crystals  of  these  three  compounds  could  be  seen  to  be  agglomerauons  of  smaller 
parallel  whiskers  under  an  optical  microscope.  The  formulas  given  above  were  determined  bv 
1CP. 

BaIn2S4  was  prepared  in  poiycrystalline  form  from  the  binary  sulfides.  The  reactants  were 
heated  in  a  graphite  crucible  in  an  evacuated  silica  ampule  at  1050°C  for  6  days. 


Polycrystalline  CuYiSa  was  prepared  by  reacting  stoichiometric  quantities  ot'  the  binary 
suindes  in  a  carbon  crucible  in  an  evacuated  silica  ampule  for  1 8  d  at  960°C,  followed  by  slow- 
cooitng.  \-ray  diffraction  indicated  complete  reaction.  Crystals  were  grown  using  a  0.24 
CaCli/0.76  KC1  eutecnc  mixture  as  the  flux.  The  flux-to-charge  rano  was  approximately  10:1 
by  weight;  the  charge  composition  was  half  CaY-iSj  powder  and  half  a  stoichiometric  mixture  of 
the  binary  sulfides.  The  reacuon  was  heated  in  a  carbon  crucible  enclosed  in  an  evacuated  silica 
ampuie  at  1010°C  for  i  weeks,  and  then  slow-cooled  at  2%  to  some  unknown  temperature  at 
which  point  the  furnace  burned  out  and  rapid  cooiing  ensued.  The  flux  was  removed  by  soak¬ 
ing  in  water  for  several  days.  Golden  light-orown  whiskers  up  to  1  cm  in  length  were  recov¬ 
ered  from  the  silica  ampuie  wall.  SEM/EDX  analysis  indicated  a  composition  consistent  with 
CaY^Sa,  and  the  X-ray  powder  pattern  of  the  whiskers  matched  that  of  the  CaYoSa  powder. 
More  numerous  in  vieid  were  transparent,  orange  polyhedral  crystals  displaying  cubic-like  mor¬ 
phology  up  to  1  mm  on  an  edge  that  were  found  on  the  amDuie  walls  as  well  as  within  the  flux. 
These  crystals  displayed  a  simple  cubic.  CaS-like  X-ray  powder  diffraction  pattern.  'EM/EDX 
analyses  of  si*  crystals  indicated  similar  compositions  with  substantial  yttrium  contents.  1CP 
emission  analysis  of  the  crystals  indicated  the  formula  Cao.6i5Yo.250S  or  CasYoSg, 


RESULTS 
Zr.Ga-S  • 

The  location  of  mirror  planes  on  preliminary  X-ray  precession  alignment  photographs  rela¬ 
tive  10  tne  external  morphology  of  three  tetranedral-like  crystals  of  ZnGa^Sa  cleariv  showed  that 
the  crystals  were,  m  tact,  tetragonal  dispenoids.  The  two  proposed  structural  arrangements  A  or 
B  (Fig.  1)  belong  to  two  different  l.aue  groups.  4/m  for  A  and  4/mmm  for  B.  Laue  pho¬ 
tographs  exhibited  Laue  symmetry  4/mmm.  suggesung  the  defect/canon  ordering  arrangement 
of  B.  This  conclusion  is  i.i  agreement  with  the  Laue  symmetry  observed  by  White  (22)  who 
also  concluded  that  ZnGajSj  would  have  structure  B.  However,  White  mennoned  that  Raman 
spectra  exhibited  both  sharp  and  broad  bands  possibly  suggesting  some  disordering. 

A  colorless,  transparent  crystal  of  0.22  mm  on  an  edge  was  used  for  the  crystal  structure 
determination.  A  constrained  least-squares  fit  of  twenty-five  computer-centered  reflections 
yielded  unit  ceil  parameters  a  =  5.274(1).  c  =  10.407(2)  A.  V  =  289.5(1)  A3.  Intensity  data 
were  obtained  at  room  temperature  from  4°  to  70°  20  (Mo  Ka)  for  octants  hki  and  hk-i .  No 
violations  of  the  I-centenng  and  no  additional  systematic  absences  were  observed.  After 
numerical  absorption  corrections,  equivalent  data  were  satisfactorily  merged  in  I42m  to  give  360 
unique,  observed  data.  The  large  observation-to-parameter  rano  1  approximately  20:1)  resulted 
in  many  false  minima  during  least-squares  refinement.  The  refinement  finally  converged  to  an 
R-factor  =  0.043. 

Refinement  of  the  single-crystal  data  confirms  that  the  structure  is.  in  general,  as  shown  in 
B  of  Fig.  1.  However,  this  refinement  also  indicates  some  slight  disorder  of  the  canons  and 
vacancies.  The  vacancy  site  appears  to  contain  about  1.8%  "Zn".  The  Zh  site  appears  to  con¬ 
tain  about  5.6%  more  "Zn"  than  expected  with  the  Ga  and  S  site  occupations  held  fixed.  Some 
disordering  of  the  canons  and  vacancies  is  not  surprising  in  view  of  the  very  rapid  rate  of  crystal 
growth  that  we  observed  and  this  would  explain  the  earlier  Raman  results  observed  bv  White 
(22). 


AlrcSa  Systems.  A  =  Ca.  Sr.  Ba 

CaIn2S4  was  obtained  as  yellow  whiskers  up  to  ca.  3mm  in  length.  However,  when  the 
charge:flux  mass  rano  was  increased  from  1:4  to  1:7.  (increasing  the  overall  Ca:ln  rauo  in  the 
reacnon  mixture;  bronze-colored  whiskers  of  stoichiometry  Caj  jlnj  9S4  resulted. 

The  unit  cell  for  a  yellow  whisker  of  CahnSj  was  obtained  by  single-crystal  methods  and 
indicated  a  C-centered  monoclinic  ceil.  Refinement  of  powder  data  from  crushed  crystals  (Fig. 
2.  middle)  gave  cell  parameters  a  =  37.628(4).  b  =  3.8361(8).  c  =  13.722(1)  A.  and 
3  =91.66(1)°.  This  unit  cell  agrees  with  that  reported  in  the  single-crystal  study  of 


Ca-  iln.ApS]?  { 14b];  however,  the  powder  pattern  we  calculated  from  this  single-crystal  data 
IJ 4bl  does  not  match  the  experimental  pattern  tsee  Fig.  2.  top  and  middle!  obtamea  for  our 
Cain:Sa  wmskers.  Care  was  taken  to  avoid  preferred  onentanon  in  obtaining  the  diffracnon 
pattern  of  our  CalnrSa  whiskers,  out.  as  a  precaunon.  a  Gandoifi  pattern  of  several  crystals  was 
aseu  to  confirm  the  aosence  of  the  strong  low-angle  lines  apparent  in  the  pattern  calculated  from 
the  single -crystal  data  reported  for  Cat.1In6.6S13  [14b|.  These  differences  in  the  powder  pat¬ 
terns  (Fig.  2'j  and  stoichiometries  of  Cat  1  Irus 1 3  and  the  CalniSa  whiskers  indicate  that  the 
CalrrSt  w  mskers  are  a  new  compound.  Cat  ;  1/16  6^  1 3  reponedlv  exhibits  parnal  occupancy  of 
calcium  sites  and  also  substituuon  of  calcium  into  indium  sites  ( 14b];  thus,  its  structure  may 
allow  a  variation  in  cauon  stoichiometry.  The  similar  unit  cells  obtained  for  CalntSa  and 
Cat  ;ir.f>(,S;t  indicate  the  possibility  of  very  similar  structures.  Unfortunately,  the  CalnrSa 
whiskers  retained  in  the  present  study  were  not  sufficiently  crystalline  for  a  full  singie-ervstai 
'  rue  tare  ue  termination.  Further  crystal  growin  experiments  are  in  progress. 

The  color,  sioichiometry,  and  X-ray  powder  pattern  of  the  bronze  Ca1.2In1.9S4  w  hiskers 
■  Fi e.  2.  bottom)  do  not  match  those  of  the  previously  discussed  compounds.  Cai.2lni  9S4 
appears  to  be  another  new  compound  in  the  Ca-In-S  temarv  system.  The  whiskers  were  insuf¬ 
ficiently  crystalline  and  singular  for  an  unambiguous  unit  ceil  to  be  determined  using  sinele- 
crystal  methods.  The  best  of  four  crvstals  aDDearea  to  be  split,  but  a  primrv-c  moncxiiiiiic  ceil 
w  as  found  alter  remov  ai  of  reflections  from  one  of  the  halves.  The  other  crystals  gave  ^ifferine 
C-centered  monociinic  cells,  but  the  axial  photograpns  did  not  agree  with  the  cells.  None  or  the 
ceils  couid  account  for  all  of  the  powder  X-ray  diffracnon  data  from  a  sample  of  crushed 
w  mskers.  42  of  the  46  observed  reilecuons  could  be  indexed  on  the  primitive  monociinic  ceii 
mer.nor.ee  above:  a=  14.642(41,  b  =  3.865(1).  c=  29.60(1)  A.  and  3  =97.S4(2)C  The 
amndexec  iir.es  w  ere  consistent  with  one  or  more  of  the  C-centered  cells  mentioned  above.  A 
r.umrer  of  poiytvpes  could  be  possible  and  crystal  growth  experiments  are  in  progress  10  obtain 
wmskers  suitable  for  crystal  structure  determination. 


Fig.  2.  X-ray  powder  patterns  of  (top)  Cayilrv,  feSn 
(calculated);  (middle)  CainrSa;  and  (bottom)  Ca1.2ln1.9S4 


Sro9ln2.iS4  grew  as  yellow  whiskers  similar  in  size,  color,  and  morphology  10  the 
CaIn:S4  wmskers.  The  X-ray  powder  pattern  (Fig.  3.  bottom)  shows  a  structure  very  different 
from  that  reported  for  SrlroSa  [15],  which  is  the  only  previously  reported  ternary  strontium 
indium  suifide.  The  pattern  shown  for  SrlroSa  in  Ftg.3  (top)  was  calculated  using  atomic  posi¬ 
tions  reported  for  isostructural  BalnrSa  [16]  with  the  SrIn2Sa  cell  parameters  (I5j.  Unit  ceil 
detemunauon  of  a  single  crystal  of  Sro.9In2.1S4  indicated  a  C-centered  monociinic  ceil.  All 
powder  diffracnon  data  from  the  crushed  crystals  could  be  indexed  on  this  cell:  a  =  27.66(1), 
b  =  3.943(2),  c  =  12.683(7)  A.  3  =  94.25(4)°.  The  whiskers  were  insufficiently  crystal!  ■  for 
a  single  crystal  structure  determination.  Further  crystal  growth  experiments  are  in  proem 

The  poiycrysialline  BalnjSa  that  we  prepared  gave  an  X-ray  powder  diffraction  pattern  in 
good  agreement  with  that  calculated  from  the  reported  crystal  structure  (161.  as  shown  in  Fig.  4. 
All  data  were_  indexed  using  an  orthorhombic  unit  cell  (a  =  21.852(4),  b  =  21.744(5). 
c  =  i 3. 125(4)  A)  that  is  consistent  with  the  literature  report. 
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Fig.  3.  X-ray  powder  patterns  of  (top)  SrIn;Sa 
(calculated);  and  (  bottom)  Sro.9In2.1S4. 
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Fig.  4.  X-ray  powder  patterns  of  BaIn2S4 
(top)  calculated;  and  (bottom)  experimental. 

IGA  plots  of  powdered  whiskers  of  CalnnSa  and  Caj  ;Ini  9S4  under  flowing  Oa  are 
shown  in  Fig.  5.  CalnnSa  begins  to  decompose  at  about  350°C  and  Ca1.2In1.9S4  begins  to 
decomnose  at  about  425°C. 
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Fig.  3.  TGA  of  (top)  Ca1.2In1.9S4;  and  (bottom)  Caln^Sa 

The  infrared  (diffuse  reflectance)  spectra  of  Caln2S4.  Cai.2lni  9.  and  Sro.9ln2  1S4  are 
shown  in  Fig.  6.  All  three  compounds  show  strong  decreases  in  transmission  in  the  700- 


~50cm-‘  1 13-14  um)  range.  Absorpnon  bands  above  750  cm-1  arise  from  impurities,  notablv 
CO?--  <711.  875,  1397,  1622.  and  1795  cm-'  for  CaCOi).  The  broad  band  at  1070  cm-*  indi¬ 
cates  tne  presence  of  sulfate,  which  may  also  increase  the  frequency  of  the  IR  transmission  loss 
above  tne  intrinsic  values  of  the  sulfides.  Diffuse  reflectance  is  more  sensitive  to  surface  impuri¬ 
ties  man  transmission  measurements,  but  the  crystals  were  too  small  for  true  single-crystal  trans¬ 
mission  measurements. 


F;g.  o.  1 T1R  Diffuse  Reflectance  Fig.  7.  X-Ray  Powder  Diffraction 

Spectra  of  (Top)  Srn.9in2.1S4;  (Middle)  Pattern  of  CaY2S4. 

CalrnSa.  and  (Bottom)  Ca1.2In1.uS4 


C.1Y-S4  System 

The  X-ray  diffraction  pattern  of  polycrystalline  CaYiS4  is  shown  in  Fig.  7.  The  data  could 
not  oe  completely  indexed  on  the  basis  of  either  of  the  reported  orthorhombic  unit  cells  given  in 
Tabie  I.  All  refections  could  be  indexed,  however,  using  a  monoclinic  cell:  a  =  12.95(1),  b  = 
13.03(11.  c  =  3.957(2)  A:  3  =93.45(5)°.  This  result  is  in  good  agreement  with  the  reported 
monociintc  ceil  given  in  Table  1.  Unfortunately,  the  CaY2Sa  whiskers  obtained  in  the  crystal 
growth  experiment  were  poorly  crystalline  and  single-crystal  data  could  not  be  obtained.  Fur¬ 
ther  experiments  are  in  progress  to  obtain  good  crystals  for  a  full  structure  determination. 

The  X-ray  powder  diffraction  patterns  for  the  CasYiSg  crystals  with  (top  trace)  and  without 
1  bottom  trace)  added  commercial  CaS  are  shown  in  Fig.  8;  both  samples  contained  NBS  silicon 
as  an  internal  standard.  The  shrinkage  of  the  CaS  latiice  due  to  incorporation  of  the  smaller  Y?+ 
ton  is  cleariv  seen  by  comparing  the  top  and  bottom  traces  in  Fig.  8.  The  F-centerca  cubic  cell 
parameters  obtained  were:  CaS.  a  =  3.6945(5)  A;  CajYiSg.  a  =  5.6646(3)  A.  indicaung  a  vol¬ 
ume  decrease  of  about  2%  upon  substitution  of  0.375  mol  (Y3+  plus  vacancies)  in  the  CaS  lat¬ 
tice.  A  Vegards  Law-type  piot  for  the  system  is  shown  in  Fig.  9.  The  predicted  cell  edge  for 
full  substitution  of  Ca2+  by  Y3+  based  on  relative  ionic  sizes  alone  [23]  and  neglecting  eicc- 
troneutrality  is  plotted  on  one  extreme  with  the  observed  value  for  CaS  on  the  other.  The 
observed  cell  edge  for  Ca5Y2Sg,  in  which  1/4  of  the  canon  sites  in  the  CaS  lattice  arc  occupied 
by  Y3+  and  1/8  are  vacant,  is  indicated  on  the  plot.  The  observed  cell  edge  is  greater  than  that 
expected  for  hypothetical  Ca^Y2Sg,  hence  the  size  1  of  the  vacancy  seems  to  be  greater  than  a 
Cal’-  ion.  The  crystal  volume  appears  to  be  somewhat  expanded;  this  could  be  attributable  to 
bona- weakening  effects  of  canon  vacancies. 

Singie-crystal  X-ray  diffracncn  data  obtained  for  one  of  the  CayYjSg  crystals  confirmed  the 
unit  cell  indicated  by  the  powder  data:  no  indicanon  of  a  superstructure  could  be  observed,  indi¬ 
cating  apparent  disorder  of  the  Ca2»,  Y?+.  and  cauon  vacancies  in  a  simple  rock-salt-type  latnce. 
Funner  crystal  growth  experiments  with  modified  cooling  rates  arc  in  progress  to  obtain  ordered 
crystals 

The  thermograviraemc  curves  for  CaYjSa.  CasY2Sg,  and  CaS  under  oxygen  are  shown  in 
Fig.  10.  All  of  the  compounds  commence  decomposition  between  450-500°C:  however,  the 
rates  of  decomposiuon  are  significantly  different. 
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Fig.  8.  X-ray  Powder  Diffraction 
Patterns  of  CasYiSg  crushed  crystals 
(Top)  with  and  (Bottom)  without 
added  CaS.  Both  samples  contain 
NBS  standard  silicon:  the  CaS 
contains  CaO  impurity. 
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Fig.  9.  Vegani's  Law-type 
plot  for  Y?-*-  subsatunon  in  CaS. 
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A  -  :jy:s4 


B  -  CactjSg,  ground  crysc 
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Fie.  10  TGA  profiles  for  (A)  CaY:Sa,  Fie.  11.  Transmission  1R  spectra  of  (A!  a 

( B)  Cas Y;Sg.  and  (C)  CaS:  all  were  Ca< Y;Sg  crystal  (approx.  0  6  mm  truck ) 

obtained  uncer  flowing  oxygen.  and  (B1  a  mat  of  CaY^Sj  whiskers:  tne 

v-axis  ranges  for  the  two  spectra  are 
different:  A:  frT  =  15.8-24.3 

B:  “TT  =  6.1 1-9.31 

Transmission  infrared  spectra  of  a  mat  of  the  CaY ;Sa  w'hiskers  and  an  approximately 
0.6  mm  thick  C35Y2S8  crystal  are  shown  in  Fig.  1 1.  In  both  spectra,  absorption  bands  above 
600  cm- ‘  are  attributable  to  oxide  impurities,  particularly  outstanding  in  the  spectrum  of  the 
CaY?Sa  whisker-mat  sB)  because  of  the  very  long  effective  pathlength.  In  the  spectrum  of  the 
CasY;Ss  crystal  (A),  a  strong  decrease  in  infrared  transmission  commences  near  10  urn. 
Spectrum  fl  of  the  CaY?Sa  whiskem  'hows  nr>  mch  derrrase  down  to  450  cm-*,  in  acreement 
with  the  studies  on  powder  samples  [20], 
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